The main objective of the study was to examine the effect of early life malnutrition on the relation between insulin sensitivity and abdominal adiposity in adulthood. It was hypothesised that participants with early life malnutrition would display a more pronounced deterioration of insulin sensitivity in association with a gain in abdominal fat. DESIGN: As a first attempt to investigate this issue, we studied the effect of body fat gains in a cross-sectional context. SUBJECTS: A total of 26 young adult men with evidence of malnutrition during the first year of life and 27 control subjects were recruited for this study. Malnutrition status was determined from medical files of paediatric hospitals in the Mexico City metropolitan area. MEASUREMENTS: Insulin sensitivity was measured by hyperinsulinaemic euglycaemic clamp, and body composition was measured by anthropometrics, bioelectrical impedance and computed tomography. RESULTS: There was a negative correlation between total abdominal adipose tissue area and insulin sensitivity in the previously malnourished and control groups (r 2 ¼ 0.65 and 0.35, Po0.01, respectively). When matched for low amounts of abdominal fat (114 cm 2 ), participants with and without early life malnutrition had similar insulin sensitivity (9.03 vs 8.88 mg kg À1 min À1 ). However, when matched for high amounts of abdominal fat (310 cm 2 ) participants who were malnourished during the first year of life had lower insulin sensitivity (4.74 vs 6.85 mg kg À1 min À1 , Po0.05). CONCLUSION: Higher levels of abdominal adipose tissue are more detrimental to insulin sensitivity in previously malnourished individuals.
Introduction
It is generally accepted that excess body fat, especially when stored in the abdominal region, is a major determinant of insulin resistance. However, individuals with similar amounts of fat mass may have very different levels of insulin resistance. In recent years, there has been growing interest on the potential role of early life nutrition status and/or birth weight on obesity, insulin resistance and type II diabetes. [1] [2] [3] [4] [5] [6] Impaired glycaemic control in adulthood may be mediated by impaired insulin action or impaired insulin secretion. Evidence is available to support defects in both these mechanisms in adults who had low birth weights. 3, 4, [7] [8] [9] [10] Although impaired insulin action (insulin resistance) may have little deleterious effects in a context where energy intake is low or adequate, it may become a handicap in an obesegenic environment, which offers an increased amount of energy-dense foods and a reduced need for physical activity. 11 This theory could partially explain the high prevalence of diabetes in populations migrating to societies with increased availability of foods and decreased energy expenditure.
12,13
While previous studies have suggested that insulin resistance may develop in adults with low birth weight, to our knowledge there are no studies that have measured insulin sensitivity with the hyperinsulinaemic euglycaemic clamp (a gold standard) in subjects with evidence of malnutrition during the first year of life. Furthermore, since body fat and especially abdominal fat are strongly associated with insulin resistance, 14 it is important to take this phenotype into account when considering the impact of early malnutrition on insulin sensitivity. The main objective of the study was to examine the effect of early life malnutrition on the relation between insulin sensitivity and abdominal adiposity in adulthood. It was hypothesised that a positive energy balance leading to fat gain, particularly in the abdominal area, would be more detrimental to insulin sensitivity in young men with early life malnutrition.
Methodology

Subjects
In total, 26 young male adults with a history of malnutrition during the first year of life (MALNUTR) and 27 young male adults having never-experienced malnutrition (CONTROL) were recruited for this study. The history of malnutrition was documented by the access to medical files through the assistance of paediatric hospitals located in the Mexico City metropolitan area. Malnutrition was assessed using the diagnostic criteria and classification proposed by Gomez et al, 15 which takes into account the weight of the infant and his 'theoretical weight'. This 'theoretical weight' is based on a weight for age relation previously validated among normal Mexican children. All MALNUTR subjects maintained a body weight below 90% of their 'theoretical weight' during the first year of life. Potential MALNUTR or CONTROL participants were excluded if their files revealed the existence of pathologies susceptible of interfering with the outcome of the study such as diabetes mellitus. The CONTROL group was identified through advertisement, and none of the participants in this group maintained a body weight below 90% of their 'theoretical weight' during the first year of life. Each subject gave written consent to participate in the protocol that received the approval of the Human Studies Committee of the National Institute of Medical Sciences and Nutrition Salvador Zubiran.
Measurements
Birth weight and gestational age were obtained from the medical files of participants and were confirmed by interview with the participant or his parents. Body weight, height, skinfold thickness (triceps, biceps, subscapular, suprailiac), as well as waist and hip circumferences were measured in adulthood. The amount of fat mass and fat-free mass was estimated by bioelectrical impedance. Visceral, subcutaneous and total abdominal fat were measured by computed tomography scan. Participants were examined in the supine position and the abdominal scan was obtained between the fourth and fifth lumbar vertebrae. The attenuation interval used in the quantification of the adipose tissue areas was from À190 to À30 Hounsfield units. The abdominal visceral fat area was defined by drawing a line within the muscle wall surrounding the abdominal cavity. A euglycaemic hyperinsulinaemic clamp was performed the morning after an overnight fast. An intravenous polyethylene catheter was inserted into the antecubital vein for the infusion of glucose and insulin and a second polyethylene catheter was inserted retrogradely on the dorsum of the hand kept at 651C. Samples for basal blood glucose concentrations were obtained at times À30, À20, À10 and 0, and measured by a YSI 2700 analyzer (Yellow Springs Instruments Co. Inc., Yellow Springs, OH, USA) with an analysis time of 60 s. After insulin infusion had begun, samples for blood glucose concentrations were obtained every 5 min and samples for plasma insulin concentrations were obtained every 10 min for the 120 min of the clamp. Plasma insulin was measured by a Microparticle Enzyme Immunoassay with the IMx s Insulin assay (Abbott Laboratories, Diagnostics Division, Dainabot, Tokyo, Japan). The insulin infusate was composed of Human zinc insulin, DNA recombinant origin (Humulin R, Eli Lilly Co., IN, USA) diluted to a concentration of 300 mU ml
À1
. The 10 min priming insulin infusion was followed by a constant infusion at the rate of 40 mU m À2 min À1 for 110 min using a Harvard multiple syringe infusion pump (Harvard Apparatus Inc., MA, USA). This procedure raised insulin concentrations to approximately 100 mU ml
, a level that was maintained throughout the test. Glucose infusion was initiated 4 min after the insulin infusion had begun (20% dextrose in water). The glucose infusion was adjusted every 5 min to maintain plasma glucose within 10% of its baseline value.
Insulin sensitivity is expressed as the whole body glucose infusion rate during the steady-state glucose infusion rate during the last 30 min, according to the following equation: insulin sensitivity ¼ glucose infusion rate Â subject body weight À1 Â 30 min À1 . The glucose infusion rate required to maintain euglycaemia corresponds to the sum of the decrease in glucose production and the increase in glucose disposal caused by insulin and can thereby serve as an index of the overall effect of insulin on total-body glucose metabolism. A previous study on the dose-response characteristics of the effects of insulin on glucose production and disposal has suggested that glucose production is totally suppressed at plasma insulin concentration and glucose infusion rates similar to the ones reported in our study. 16 The metabolic clearance rate of insulin was calculated as follows: metabolic clearance rate of insulin ¼ insulin infusion rate (40 mU Â (m 2 min) À1 Â (steady-state (30-120) plasma insulin concentration Àbasal plasma insulin concentration)
.
Statistics
A one-way ANOVA was used to compare insulin sensitivity or body composition between the MALNUTR and CONTROL 
Results
The main characteristics of the MALNUTR and CONTROL participants are described in Table 1 . Although gestational age was similar in both groups, birth weight tended to be lower in the MALNUTR group (P ¼ 0.07). The MALNUTR group was also slightly younger than the CONTROL (22.0 vs 26.5 y, Po0.01). Furthermore, all participants were Mexican and although the CONTROL group had a higher level of education (Po0.01, results not shown) there was no statistical difference in income level between the two groups. In adulthood, the previous malnourished participants were smaller, as indicated by a significantly lower body weight, height, body mass index (BMI), and waist and hip circumference. Computed tomography and bioelectric impedance measurements revealed lower amounts of abdominal fat and percent body fat in the MALNUTR group compared to the CONTROL group. The variance in the body composition measures was higher in the MALNUTR group, but the differences were not significant according to the Levene test.
Insulin sensitivity as estimated by glucose infusion during the last 30 min of the euglycaemic hyperinsulinaemic clamp was not significantly different between the two groups, see Table 2 . Fasting insulin, fasting glucose and the metabolic clearance rate of insulin were not significantly different between the MALNUTR and CONTROL groups. After correcting for birth weight, age and percent body fat, insulin sensitivity was lower in the MALNUTR group but the difference was not statistically significant (see Table 2 ). However, after the same adjustments, fasting glucose and fasting insulin levels were higher in the MALNUTR group (Po0.05).
Within the entire sample as well as within the CONTROL and MALNUTR groups separately, birth weight was not associated with insulin sensitivity or abdominal fat surface areas (all r 2 o0.03, all P40.5).
In the CONTROL group, the strongest predictor of insulin sensitivity was visceral fat (r 2 ¼ 0.35, Po0.01). In this group, subcutaneous abdominal fat was also associated with insulin sensitivity (r 2 ¼ 0.27, Po0.01). However, in the MALNUTR group, subcutaneous abdominal fat was the strongest predictor of insulin sensitivity (r 2 ¼ 0.66, Po0.01), although visceral fat was also a strong predictor (r 2 ¼ 0.50, Po0.01).
Fat mass was associated with insulin sensitivity in the MALNUTR group (r 2 ¼ 0.52, Po0.01) and in the CONTROL group (r 2 ¼ 0.17, P ¼ 0.03).
Stepwise regressions were performed to determine which indicators of body composition (BMI, fat mass, percent body fat, subcutaneous abdominal fat, visceral abdominal fat and total abdominal fat) best predicted insulin sensitivity. Within the entire sample, total abdominal fat explained 49% of the variance in insulin sensitivity (Po0.01). The next variable to be entered in the model was BMI, which explained an additional 2% of the variance in insulin sensitivity, however it was not statistically significant (P ¼ 0.11).
The correlations between BMI or total abdominal fat and glucose infusion rate during the clamp are illustrated separately for the CONTROL and MALNUTR groups in Figure 1 . BMI was not significantly associated with insulin sensitivity in CONTROL subjects (P ¼ 0.12), while in the MALNUTR subjects, BMI accounted for 41% of the variance in insulin sensitivity. Total abdominal adipose tissue area was associated with insulin sensitivity in both groups, accounting for 35 and 65% of the variance in insulin sensitivity in the CONTROL and MALNUTR groups, respectively.
An ANCOVA was performed to compare insulin sensitivity between the MALNUTR and CONTROL groups, while considering total abdominal fat as a covariable (since it was the most powerful independent predictor of insulin sensitivity in both the groups combined). There was a significant Insulin resistance and adiposity in young men NG Boule et al interaction between the effects of the groups (MALNUTR and CONTROL) and total abdominal fat on insulin sensitivity (P ¼ 0.01), indicating that the slopes of the regressions between insulin sensitivity and total abdominal fat were significantly different between groups. This significant interaction remained after adjusting insulin sensitivity and total abdominal fat for birth weight and age (P ¼ 0.02). Similar results were found when visceral abdominal fat, subcutaneous abdominal fat, fat mass or body mass index were considered separately as covariables instead of total abdominal fat. A significant interaction between total adipose tissue area and early life malnutrition status was , respectively. The 2 Â 2 factorial ANOVA (group vs abdominal fat level) indicated that there was a significant interaction between the two factors (P ¼ 0.05). As illustrated in Figure 2 , insulin sensitivity was similar in CONTROL and MALNUTR when matched for a low abdominal adipose tissue area. However, in the groups matched for high amounts of abdominal adipose tissue the MALNUTR subjects were less insulin sensitive.
Discussion
The results of this study demonstrated that insulin sensitivity is not altered by previous malnutrition in individuals maintaining a low level of body fatness and abdominal adiposity. On the other hand, the subjects of the MALNUTR group displaying high levels of abdominal fat displayed a significantly lower insulin sensitivity level than their control subgroup matched for abdominal fat. Despite its crosssectional nature, this study tends to suggest that when one has a personal history of early life malnutrition, he/she would be more vulnerable to an environment promoting a positive energy balance and fat gain. To some extent, these results are concordant with those reported by Ravussin et al, 17 who demonstrated that Pima Indians maintaining a traditional lifestyle preventing obesity are characterised by a healthy metabolic profile. However, in Pima Indians, having experienced an environment promoting obesity in Arizona, the prevalence of insulin resistance and type II diabetes has increased to a level that is one of the highest in the world. 18 This finding is important and justifies the relevance to investigate this issue in a longitudinal context. The significant statistical interaction observed between early life malnutrition status and the amount abdominal fat in adulthood implies that the direct comparison of insulin sensitivity between groups having different early life nutritional status is dependent on the level of abdominal fat in the studied population. In this regard, even if the overall glucose infusion rate during the hyperinsulinaemic euglycaemic clamp was similar in both groups in the present study, it would be false to conclude that insulin sensitivity is not affected by early life malnutrition.
Previous studies have suggested an interaction between low birth weight and obesity on insulin resistance. A study in Indian children had suggested that the inverse relation between birth weight and insulin resistance, as measured by HOMA, was strongest in the children who were heavier at age 8. 19 Phillips et al 4 have studied insulin sensitivity in older adults (mean age ¼ 52 y) with the short insulin tolerance test and demonstrated that individuals with low birth weight and high BMI had the highest level of insulin resistance. In addition to extending these previous observations to young adults with a history of malnutrition during the first year of life, the major strength of the present investigation was the use of direct measures for the main outcome variables: insulin sensitivity (hyperinsulinaemic euglycaemic clamp) and abdominal obesity (computed tomography). The results suggest that the amount of abdominal adipose tissue accounted for 65% of the variance in insulin sensitivity in previously malnourished adults. Interestingly, when participants were matched for a low abdominal adipose tissue cross-sectional area (mean ¼ 114 cm 2 ), the previously malnourished had similar insulin sensitivity compared to controls. However, when matched for higher amounts of abdominal fat (mean ¼ 310 cm 2 ), the previously malnourished subjects had lower insulin sensitivity compared to the controls. Although this cross-sectional study cannot support a causeto-effect relation, it does suggest that similar gains in abdominal fat are more detrimental to insulin sensitivity in people with a history of early life malnutrition. Unlike previous studies on the effect of low birth weight, in the present study early life malnutrition alone was not associated with decreased insulin sensitivity. However, the finding that larger decreases in insulin sensitivity in subjects with previous malnutrition occur with increasing body fat has important practical implications for the prevention of insulin resistance. Insulin resistance and adiposity in young men NG Boule et al
Low birth weight and a history of early life malnutrition are not identical selection criteria. 20 Small birth weight may reflect the intrauterine environment (including nutrition), maternal factors and the fetal genotype whereas early life malnutrition specifically referred to the nutritional status during the first year of life. Although birth weight tended to be different in the two groups in our study, birth weight was not associated with insulin sensitivity or body composition. Furthermore, taking into account the differences in birth weight between the two groups did not alter principal findings of our study. These findings do not mean that birth weight does not have a role in the aetiology of insulin resistance as determined by hyperinsulinaemic euglycaemic clamp. Jaquet et al 9 have demonstrated that subjects born with intrauterine growth retardation had a higher percent body fat and had lower peripheral glucose uptake during a euglycaemic hyperinsulinaemic clamp. However, in this study the mean birth weight in subjects born with intrauterine growth retardation was 2.4 kg. In contrast, only four of the 26 subjects in our study who were affected by early life malnutrition had a birth weight below 2.5 kg. This may explain why birth weight was not associated with insulin sensitivity in our analyses. A third group of participants that had a similar birth weight as to the malnourished group, but was nutritionally rehabilitated after birth, would have provided an interesting comparison. The significant interaction between malnutrition status and abdominal fat found in our study has important implications. Abdominal fat explained approximately twice as much of the variance in insulin sensitivity in the previously malnourished group compared to controls. It is important to note that the reduced insulin sensitivity in these subjects is only evident at higher levels of abdominal fat. Epidemiological data about the prevalence of diabetes in Mexico reinforce the idea that previous nutritional restriction decreases the ability to perform adequate metabolic regulation in a context promoting a positive energy balance. In the desertic area of San Luis Potosi, the prevalence of diabetes is less than 1% in the rural areas whereas it exceeded 20% in the city of this Mexican state. 21 An earlier animal study by Holness and Sugden 22 was consistent with our findings. In this study, rats exposed to protein restriction during the first 20 weeks of life had lower insulin-stimulated glucose disposal compared to the control group after both groups had been transferred to a high-fat diet for 8 weeks. 22 The mechanisms by which early life malnutrition reduces insulin sensitivity are not well understood. Animal studies have suggested that low protein intake during fetal nutrition and lactation can have long-term effects on glucose transport and the insulin signalling pathway in the adipocytes. 23 It has also been suggested that there is a sensitive period for the development of adipose tissue in humans, which extends approximately between the third trimesters of gestation to the first year of life. 24 Energy restriction during this critical period could have a long-term impact on the number and size of adipocytes. The size of the adult abdominal adipocytes is also independently associated with insulin resistance. 25 In summary, higher levels of body fat and especially abdominal fat seem to be more detrimental to insulin sensitivity in previously malnourished individuals. In recent years, Mexico and other developing countries have experienced rapid increases in the prevalence of type II diabetes. The findings from the present study support the hypothesis that the negative consequences of early life malnutrition on insulin resistance may only become apparent in a context that promotes an increase in body fat.
